Photochemical reactions of microcystin-LR, a toxic compound produced by some blue green algae, were investigated. Ultraviolet absorption of microcystin-LR was assessed. Time-dependent density functional theory (TDDFT) calculations indicated that absorption peak at 238 nm was mainly due to excitation of electrons from the linear chain structure Adda of microcystin-LR. Irradiation of microcystin-LR with UV light resulted in the reduction of the 238 nm absorption peak and the appearance of a new peak at 300 nm. Density functional theory (DFT) and TDDFT calculations with a model molecule suggested that this 300 nm peak was due to tricyclo-Adda microcystin-LR, an intermediate in photochemical reactions of microcystin-LR. Analysis of the rate of this photochemical reaction showed that it was a first order reaction.
Introduction
Eutrophication of fresh water resources often causes algae blooms of blue-green algae. Some species of blue-green algae produce toxic compounds called microcystins [1] , which are cyclic polypeptides containing seven amide acids. The structure of one of these microcystins, microcystin-LR, is shown in Figure 1 .
Microcystins are characterized by a linear chain structure called Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4E,6E-decadienoic acid). Adda plays an important role in their toxicity [2] . UV Irradiation to microcystin formed non-toxic geometrical isomer [4(Z)-Adda] and [6(Z)-Adda] microcystins and toxin was completely decomposed by 10 minutes irradiations [3] . Kaya and Sano reported a photochemical product of microcystin-LR by UV irradiation. They identified its structure as tricyclo-Adda microcystin-LR by NMR [2] . However, character of UV spectra for tricycle-Adda microcystin-LR is not reported yet. To further characterize microcystin-LR and its photochemical product, we measured its UV spectrum and the effects of UV irradiation on its spectra over time. We also evaluated the kinetic rate process of this photochemical reaction.
Methods
Microcystin-LR was obtained from Wako Inc. (Tokyo, Japan). Stock solutions were prepared by dissolving 500 μg microcystin-LR in 50 ml water. Aliquots of this solution in silicon cells were irradiated with a UV lamp at a wavelength of 254 nm. The distance between the cell and the lamp was 0.1 m, and power of the UV lamp was 6 kW. The absorption spectra of this solution were obtained after irradiation for 0, 15, and 30 sec, and for 1, 3, 5, 10, 15, and 30 min, using a UV-Vis spectrometers (Shimadzu UV mini 1240). The absorbance of the peak at every irradiation time was recorded.
Density functional theory (DFT) [4] , [5] calculations at the B3LYP/6-31G(d) level of theory [6] , [7] were performed to optimize the Adda fragment model (Figure 2 ). In this model, carbon, oxygen, nitrogen and hydrogen were colored gray, red, blue and white, respectively and the two termini of Adda fragments were filled with NH 2 . Time-dependent density functional theory (TDDFT) calculations were used to evaluate excitation energy at the optimized geometry. DFT and TDDFT calculations were performed using the Gaussian 09 program [8] . Similar DFT and TDDFT calculations were used for the fragment model of tricyclo-Adda. Frontier orbitals were obtained for the initial state model of cyclic addition reactions.
Results and Discussions
The absorption spectra of microcystin-LR after UV irradiation times ranging from 0 sec to 30 min are shown in Figure 3 . In the absence of UV irradiation (0 sec), microcystin-LR showed a peak around 238 nm, which may be due to electron excitation at conjugated diene in Adda [9] .
TDDFT calculations of the fragment model of Adda ( Figure 2 ) were performed to theoretically assign the peaks of the absorption spectra. The characteristics of the molecular orbitals (MOs) are shown in Figure 4 . MOs of #90, #89 and #91 were the highest occupied MO (HOMO), the next HOMO (HOMO-1) and the lowest occupied MO (LUMO), respectively. The absorption peak of microcystin-LR was mainly attributed to the 4,6-diene of Adda (HOMO-LUMO transition), and partly to the nπ* transition from the 3-amino nitrogen of Adda (next HOMO to LUMO transition). The calculated excitation wavelength was 234 nm and the oscillator strength was 0.48. In comparison, the experimental peak was around 238 nm. UV irradiation resulted in a time-dependent reduction in the peak height at 238 nm and the generation of a new peak at 300 nm. The absorbance of this 300 nm peak increased gradually over time, with a maximum at 30 min ( Figure 3) . The variations over time in UV spectra resulted in an isobestic point, indicating that two molecular species contributed to the absorption spectra. This 300 nm peak likely represents an intermediate compound in the photochemical reaction.
Nodularin is a cyclic polypeptide with five amide acids and a molecular structure is very similar to that of microcystin-LR. Both compounds have Adda. UV spectra of nodularin also have a peak at 238 nm, which is likely due to electron excitation at diene in the Adda region. Irradiation of aqueous solutions of nodularin with UV light of 254 nm wavelength was reported to result in a reduction of 238 nm peak and concomitant increase at 300 nm in nodularin concentration [10] . Similar to nodularin, we found that irradiation of microcystin-LR with UV light at 254 nm reduced the peak at 238 nm and increased the peak at 300 nm. Twist and Codd did not refer to the assignment of 300 nm peak of nodularin with UV irradiation in [10] . Because Adda is common to microcystin-LR and nodularin, we hypothesized that the peak at 300 nm originated from Adda.
UV irradiation of microcystin-LR was reported to yield a photochemical product called tricyclo-Adda microcystin-LR ( Figure 5 ) [2] , resulting from the intramolecular cyclic addition of Adda.
The phenyl double bond (sites a and b in Figure 1 ) attacks the double bond (sites 7 and 6 in Figure 1 ) in Adda, forming a tricyclic structure (sites 1', 7', 5' and 6' in Figure   5 ). TDDFT calculations were performed to determine the excitation energy of tricyclo-Adda fragment model ( Figure 6 ). The theoretical excitation energy was found to be 281 nm, comparable with the peak at 300 nm determined experimentally. The experimental ratio of the oscillation strength of the 300 nm peak to the 238 nm peak was 0.23, Figure 5 . Structure of tricyclo-Adda microcystin-LR.
comparable to the theoretically calculated oscillation strength of 0.16. Frontier orbitals are known to play an important role in cycloaddition reactions. Overview from theoretical aspect was reported [11] . To confirm the occurrence of this photochemical cycloaddition reaction, we checked the frontier orbitals of the initial state model (Figure 7 ) of this reaction. LUMO is shown in Figure 8 . The double bond in Adda interacts with that in a phenyl group to create bonds. The activity of LUMO appeared in an exited state, induced by irradiation with UV light.
To determine the reaction rate, the logarithm of absorbance at 238 nm was plotted relative to time (Figure 9 ). The linearity was very good, indicating that the rate of this 
Conclusion
This study investigated the photochemical reaction of microcystin-LR by assessing UV spectra over time following UV irradiation. The origins of the absorption peaks were obtained from the TDDFT calculations with the fragment models of Adda and tricyclo-Adda. The changes in time variation of the 238 nm peak indicated that this photochemical reaction satisfied first order kinetics. 
